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Abstract

	 Urmia Lake in the northwestern of Iran is a hypersaline water body and has become an 
environmentally important issue especially due to the presence of an infrequent aquatic species, 
Artemia Urmiana. During the last three decades, several considerable man-made changes including 
river damming and construction of a causeway across the lake affected the lake salinity. This article 
aims to propose a new approach of salinity modeling using a reduced-order model based on MIKE21 
simulation model, in conjunction with principal component analysis (PCA) technique. At first, spatial 
variation of salinity in the lake was simulated by MIKE21 to prepare the input information for the PCA. 
Then, the dominant modes of salinity were determined by PCA technique while MIKE21 simulated 
results were compared with the output of developed reduced order model. Findings indicated that 
MIKE21’s results closely matched the experimental data collected by field study. Also, the first 10 
PCs among 974 modes computed by the reduced order model conserved approximately over 93% 
of the system variance. Therefore, the reduced order model was sufficient to capture the variation 
of salinity in the lake using a few first PCs. In other words, it was generally found that improvements 
in the simulated salinity in the lake provided by reduced order model were comparable to MIKE21 
simulations. 
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Introduction

	 Urmia Lake is an internationally registered 
protected area in Ramsar contention by UNESCO 
as biosphere reserve in 1971 and 1976. Urmia Lake 
hosts about 212 different types of bird species and 
is the only habitat of Artemia Urmiana. In recent 
years, human activities such as river damming, 
excessive water withdrawals and construction of 
Shahid Kalantary causeway in the middle of the lake 
have adversely affected the natural regime and water 
salinity of the lake. Recent prolonged droughts have 
also contributed to decreasing the discharge of inflow 
Rivers to the lake and consequently have caused 
dramatic loss in lake’s volume and surface area 
that has led to increased hyper salinity. Excessive 

salinity has created a challenging environment for 
the aquatic organisms living in the lake. In order to 
search for reclamation measures, spatial patterns of 
salinity should be studied. Results of such studies 
may contribute to better understanding of the Urmia 
lake salinity regime and make an efficient tool for 
decision makers. 

	 Chubarenko and Tchepikova (2001) 
simulated Spatio-temporal pattern of salinity 
by MIKE21 numerical model under different 
hydrological conditions. Umgiesser and Zampato 
(2001) simulated currents and salinity field in Venice 
Lagoon using SHYFEM model. Results indicated an 
appropriate agreement between simulated salinity 
and observations. Vialard et al. (2002) studied 
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the salinity variation and reported that the model 
is capable to simulate the sea surface salinity 
appropriately. Omstedt and Axell (2003) simulated 
the salinity and sea surface temperature variation in 
three gulfs and reported satisfying results. Balistrieri 
et al. (2006) predicted seasonal changes in salinity 
using a one-dimensional Dynamic Reservoir 
Simulation Model (DYRESM) in Dexter Pit Lake. 
Results indicated that a suitable agreement between 
salinity simulation and field observations. Wu et al. 
(2014) simulated the distribution of salinity in an 
artificial lake via an environmental fluid dynamic 
code (known as EFDC). 

	 Although salinity simulation in water 
resources systems, such as lakes, provides important 
knowledge on spatial changes, however, increasing 
the number of computational grids is a challenging 
issue for salinity simulation. Therefore, development 
of a reduced order framework that incorporates 
the changes in the main system is desirable. In 
this regard, coupled two dimensional (2D) model 
(MIKE21) hydrodynamic simulation model and 
principal component analysis (PCA) model was 
proposed in this research. The methodology is 
developed and evaluated in simulation of salinity in 
Urmia Lake. At first, 2D simulation of Urmia Lake was 
performed. Then a reduced order model is developed 
by linking the MIKE21 simulation model with the PCA 
model to represent the flow and salinity changes. 

Case Study and Data
	 Urmia Lake is a salty water body in northwest 
of Iran between 37° N to 38°202  N and 44°552 E to 
45°552  E. Urmia lake is the largest lake in Iran and 
the second hyper saline in the world (Ahmadzadeh 
Kokya et al., 2011).The lake surface area at normal 
condition is estimated at about 5200km2, a 140 km 
long by 55 km wide area. Maximum depth at normal 
condition is approximately 16m (Fazeli et al., 2005). 
The lake receives water from 13 rivers, the largest of 
which join the lake from the south. Urmia Lake vicinity 
is home to some 212 species of birds, 41 reptiles, 7 
amphibians, and 27 species of mammals including 
the Iranian yellow deer. It is an internationally 
registered protected area by UNESCO Biosphere 
Reserve and Ramsar site (Fazeli et al., 2005). In the 
past decades to make a road across from the lake 
and facilitate the transportation between western and 
eastern provinces, a causeway constructed between 

the left and right sides of the lake (Zeinoddini et al., 
2009). This causeway adversely affected the flow and 
salinity regime and prevented the appropriate mixing 
of saline and fresh water in the lake (Zeinoddini 
et al., 2013). Recent researches showed higher 
salinity in the north of the lake (about 60% higher) 
(Zeinoddini et al., 2009). Also in the past decade, 
prolonged droughts adversely affected the inflow 
to the lake. The lake experiences a high salinity 
between 225 g/l to 280 g/l during drought periods 
which leads to water level decline (Eimanifar and 
Mohebbi, 2007). Major changes in the lake salinity 
impose negative impacts on the Artemia Urmiana 
and subsequently reduce the diversity of the aquatic 
life in the lake. As a result, monitoring and simulation 
of salt concentration is of high priority to preserve 
ecological conditions of the lake.

	 In this research, models’ hydrodynamic 
forcing were meteorological variables, such as wind 
speed and direction, atmospheric pressure, mean 
water-level fluctuations, precipitation, moisture, 
evaporation, inflows by seven major rivers (Fig. 1) 
and salinity. The bathymetric information was based 
on the results of field surveys as described by Sadra 
Company (2004).

Fig. 1: Urmia Lake boundary and location of 
major rivers inflows to the lake
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Methodology

MIKE21 Model Descriptions
	 Hydrodynamic governing equations in 
MIKE21 are mass conservation and momentum 
equations expressed as follows:
Continuity equation

0=
∂
∂

+
∂
∂

+
∂
∂

y
q

x
p

t
H

	 ...(1)
Momentum equation in x direction

[ ( ) ( ) ] 0)(1
. 22

222

=
∂
∂

+−Ω−
∂
∂

+
∂
∂

−
+

+
∂
∂

+





+








∂
∂

+
∂
∂

Pa
x

hfvvxph
y

h

hc
qpgpHgh

h
pq

h
p

t
p

w
xyxx

w r
tt

cr

cc

...(2)
Momentum equation in y direction

( ) ( ) ] 0)(..1

. 22

222

=
∂
∂

+−Ω+
∂
∂

+







∂
∂

−
+

+
∂
∂

+







∂
∂

+







∂
∂

+
∂
∂

Pa
y

hyvfvph
x

h
y

hc
qpgq

y
Hgh

h
pq

xh
q

yt
q

w
xyyy

w r
tt

r

...(3)

	 where  ),,( tyxh , ),,( tyxH , ),,(, tyxqp , 
),( yxc , g , )(Vf , ),,(,, tyxVVV yx , ),( yxΩ , Pa , wr

, yx, and xxxyyy ttt ,, are water depth, water level 
(m), unit discharge (m3/s/m), Chezy coefficient, 

gravitational acceleration (m/s2), wind friction 
coefficient, wind velocity and its components in x 
and y directions, coriolis parameters, atmospheric 
pressure (kg/m/s2), water density (kg/m3), location 
coordinates and effective shear stress components, 
respectively. MIKE21 uses finite difference numerical 
method to solve the governing equations.  For 
solving the equations altering direction implicit (ADI) 
technique is used and Von-Neumann method ia 
applied to control the stability. 

MIKE21 simulates dispersion of soluble materials 
in water via the following equations
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	 where, C, U, V, h, Dx, Dy, F, Qs, Cs are 
concentration, velocity components, water depth, 
dispersion coefficients, linear reduction factor, 
sink and source discharge and sink and source 
concentration, respectively. Implicit QUICKEST with 
third order error is a numerical technique to solve 
dispersion and transport equations.

PCA Description
	 Principal Component Analysis (PCA) is the 
most commonly used dimension reduction technique 
which describes the variation in a set of multivariate 
data in terms of a set of uncorrelated variables. 
PCA is useful for finding new, more informative and 
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Fig. 2: Comparison between the simulated water level by Mike21 model and measured data in 
calibration step 
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uncorrelated features. It reduces dimensionality by 
rejecting low variance features. The new variables 
(PCs) have a variance equal to their corresponding 
eigenvalue. Suppose a data matrix of n observations 
on p correlated variables x1,x2,…xp. PCA looks for a 
transformation of the xi into p new variables yi that 
are uncorrelated. 
	 yi= dT X=d1 X1+ d2 X2+..+ dp X	 ...(5)
Where d=(d1 , d2 ,.., dp)

T is a column vector of wheights 
with 
	 d1²+ d2²+..+ dp² =1	 ...(6)

	 More details on PCA published elsewhere 
(Noori et al. 2011, Manly, 1986, Wackernagel, 
1995, Tabachnick and Fidell, 2001, Dehghani et al. 
2014).

Results and Discussions

MKE21’s salinity simulation results
	 The lake was divided to 400m×400m pixels 
(24241 pixels). And a full one year period of Jan 
2002 to Dec 2002 was considered simulating with 
MIKE21. The hydrodynamic model of the lake was 
set up and calibrated with water surface level records 
in Golmankhaneh station using wind direction and 
velocity measurements at Urmia synoptic station 
at different times. The model was executed to find 
the optimum water level (Fig. 2). Mean absolute 
error (MSE) corresponding to Fig. 2 was 0.034. 
This indicates a generally suitable agreement 
between field measurements and model output. 
Salinity density obtained by MIKE21 model for 12 

Fig. 3: Spatial distribution of salinity in Urmia Lake for the a) middle of spring, b) middle of 
summer, c) middle of autumn, d) middle of winter, e) Average salinity over one year simulation 
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Fig. 4: Eigenvalues of symmetrical matrix in semi-logarithmic scale
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Fig. 5: Percent of saved variance versus the number of PCs

months saved in 9-hour time intervals were taken as 
snapshots. Some 974 snapshots were extracted.

	 Salinity simulations were performed in 
computational grids for one year period. Fig. 3 (a) to 
3 (d), show spatial distribution of salinity variations 
in the lake for the middle of spring, summer, autumn 
and winter seasons, respectively. Also, Fig. 3(e) 
shows average salinity over one year simulation 

period. The results indicate that salinity varies in 
space dimension. Overall, salinity is higher in north 
than south. This is partly due to the salt inflow 
from the northern brackish rivers (Zeinoddini et al., 
2013). Besides, in the spring due to snowmelt and 
precipitation, salinity is less than other seasons. By 
the beginning of summer and increase in evaporation 
rate, salinity of the lake rises, which this increasing 
rate continues to the end of winter.
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Fig. 6: Spatial distribution of the first PC in 
Urmia Lake

Fig. 7: Spatial distribution of the second PC in 
Urmia Lake

Reduced Order Model Results
	 For reduced order modeling based on 
PCA, it is necessary to establish PCA functions 
using MIKE21 salinity output. For this purpose, 
some snapshots in specific time intervals were taken 
from MIKE21 results over the simulation period. By 
applying PCA on the snapshots, PCA functions are 
generated. The numbers of PCA functions used for 
further analysis are usually fewer than the number of 
computational grids so that the judgment on salinity 
variation based on the selected PCA functions is 
simplified. PCA function selection depends on what 
part of information variance is conserved by the 
functions. 

	 Some 974 snapshots were extracted and 
arranged by a developed program. In the next step, 
correlation symmetrical matrix was established using 
snapshots. Eigen values of the correlation matrix are 
presented in Fig. 4 in logarithmic scale. Among 974 
calculated eigen values, except for the first 10 eigen 
values that are over unity, others are negligible. So 
other eigen values do not have a strong effect on 

the governing physical condition (i.e. lake salinity). 
For explore this fact, the saved variance percent 
and the number of modes were drawn for the first 
ten PCs in Fig. 5. As a result, the first PC conserved 
55% of variance while for the all ten PCs, it reached 
just under 93%. Results of reduced order modeling 
showed that the first three PCs conserved 55, 10 and 
8 percent of variance, respectively; for a cumulative 
73 percent.

	 Spatial distribution of the first PC in the lake 
is drawn in Fig. 6. According to MIKE21’s results, 
salinity in north is higher than in south and central 
parts (Fig. 3) that is consistent with the results of 
the first PC (Fig. 6). Spatial pattern of salinity in the 
first PC does not fully agree with that of the MIKE21 
simulated pattern. Since the first PC conserves 
55% of variance in the system, it is not expected 
that physics of the system be represented just by 
the first mode; minor differences are expected as a 
result. Moreover, spatial distributions of the second 
and third PC in Urmia Lake are presented in Figs. 7 
and 8, respectively. Comparison of these two figures 
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Fig. 8: Spatial distribution of the third PC in 
Urmia Lake

with MIKE21’s outputs reveals that a close match 
does not exist. That is because the 2nd and 3rd PCs 
conserve a limited variance proportion in the system. 
Thus, the first PC which conserves a large amount 

of variance in the system is much more important 
in salinity simulation of Urmia Lake.

	 It is notable that the numbers in legends of 
figure 6 to figure 8 do not show the salinity value. The 
absolute values show the spatial variation of salinity 
in the lake. 

Conclusions

	 In this research, a new methodology was 
developed for simulation of salinity in Urmia Lake, 
northwestern of Iran. For this purpose, MIKE21 
simulation model and the PCA technique were 
used jointly. First, salinity was simulated by MIKE21. 
Then due to huge volume of information embedded 
in MIKE21 in spatial simulation, PCA model was 
adopted for reduced order modeling. The following 
conclusions were drawn in this study:

•	 The most effective parameter in lake water 
level calibration was wind friction coefficient.

•	 Salinity is higher in the north than in south of 
the lake based on MIKE21 simulations.

•	 Reduced order model results indicated that 
only the first PC is significant and the effect 
of others is negligible. The first PC conserved 
55% of variance in the system while the first 
10 modes conserved 93% of the variance.

•	 MIKE-PCA conjunctive model had satisfying 
performance compared to the 974 snapshots 
obtained from MIKE21.
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